Abstract Sorption isotherms of hydrocarbon and carbon dioxide (CO 2 ) provide crucial information for designing processes to sequester CO 2 and recover natural gas from unmineable coal beds. Methane (CH 4 ), ethane (C 2 H 6 ), and CO 2 adsorption isotherms on dry coal and the temperature effect on their maximum sorption capacity have been studied by performing combined Monte Carlo (MC) and molecular dynamics (MD) simulations at temperatures of 308 and 370 K (35 and 97°C) and at pressures up to 10 MPa. Simulation results demonstrate that absolute sorption (expressed as a mass basis) divided by bulk gas density has negligible temperature effect on CH 4 , C 2 H 6 , and CO 2 sorption on dry coal when pressure is over 6 MPa. CO 2 is more closely packed due to stronger interaction with coal and the stronger interaction between CO 2 molecules compared, respectively, with the interactions between hydrocarbons and coal and between hydrocarbons. The results of this work suggest that the ''a'' constant (proportional to T c 2 /P c ) in the Peng-Robinson equation of state is an important factor affecting the sorption behavior of hydrocarbons. CO 2 injection pressures of lower than 8 MPa may be desirable for CH 4 recovery and CO 2 sequestration. This study provides a quantitative understanding of the effects of temperature on coal sorption capacity for CH 4 , C 2 H 6 , and CO 2 from a microscopic perspective.
Introduction
Enhanced coalbed methane (ECBM) is increasingly important unconventional gas. Carbon dioxide (CO 2 ) injection in coal seams can replace hydrocarbons and release renewable energy. Understanding the mechanism of CH 4 , C 2 H 6 , and CO 2 sorption on coal is a key factor for CO 2 storage and hydrocarbons recovery. Sorption of gases in coal has been studied for decades (Bae and Bhatia 2006; Billemont et al. 2011 Billemont et al. , 2013 Brochard et al. 2012a Brochard et al. , 2012b Busch and Gensterblum 2011; Busch et al. 2003 Busch et al. , 2004 Day et al. 2008; Fitzgerald et al. 2005; Gensterblum et al. 2014; Goodman et al. 2007; Krooss et al. 2002; Li et al. 2010; Ottiger et al. 2008; Pini et al. 2009 Pini et al. , 2010 . Theoretical models have been developed and improved to study gas sorption on coal by several authors (Connell et al. 2010; Lu and Connell 2007; Lu et al. 2008; Pan and Connell 2007 , 2012 Sakurovs et al. 2007 ; Vandamme et al. 2010) . They have applied different approaches to describe how sorption capacity, sorption rate, gas diffusion, and permeability are affected. Several groups reported that the sorption of gas on coals at a given pressure increases with decreasing temperature (Azmi et al. 2006; Menon 1968; White et al. 2005; Zhou et al. 2001) , but the temperature effect on the maximum sorption capacity was controversial (Sakurovs et al. 2010) , nor was the temperature effect quantified. Major challenges for ECBM lie in the fact that the density of the adsorbed phase within varying pores is unknown and fundamental understanding of the sorption mechanism is insufficient. In this study, we simulate sorption of CH 4 , C 2 H 6 , and CO 2 on dry intermediate rank bituminous coal at 308 and 370 K up to a pressure of 10 MPa. The temperature effect on sorption capacity of CH 4 , C 2 H 6 , and CO 2 and the interactions between adsorbate and coal and between adsorbate are investigated in an attempt to provide an insight into the sorption mechanism of coal for those gases, as well as to demonstrate the potential use of this simulation method for ECBM.
The remainder of this article is structured as follows. In Sect. 2, we explain the molecular models selected for coal, CH 4 , C 2 H 6 , and CO 2 , the methods used, and the implementation of the simulations. In Sect. 3, we present and discuss the results of the molecular simulations. Finally, we summarize our analysis and draw conclusions in Sect. 4.
Simulation details
Molecular simulation allows one to describe the interactions between the adsorbate species and between the adsorbate and coal matrix in full detail, without predefined density profiles or sorption patterns. Its advantage lies in its ability to predict micro sorption and to reveal the mechanism of gas adsorption.
Simulation setup
Coal is characterized by two distinct porosity systems: micropores or matrix and macropores or cleats. The matrix is storage medium where coal seam gas (primarily CH 4 and CO 2 ) is mainly stored by sorption and moves by molecular diffusion. The cleats constitute a natural fracture network and provide permeability and connectivity to the reservoir but very limited storage volume as free gas.
We simulate gas sorption in the coal matrix. The system studied consists of coal and pure components of CO 2 , CH 4 , and C 2 H 6 . In this study, we focus on a model representation of a bituminous coal (Spiro and Kosky 1982; Tambach et al. 2009) . A building block of 191 atoms, C100H82O5N2S2, for an intermediate rank coal is shown in Fig. 1 (Zhang et al. 2014 (Zhang et al. , 2015 . It was constructed using the Prodrg server (Schuttelkopf and van Aalten 2004) . In this model, carbon, hydrogen, oxygen, nitrogen, and sulfur cover about 82.53 %, 5.64 %, 5.5 %, 1.93 %, and 4.4 % of the total mass of the coal, respectively. Constituents and their ratios in this model are similar to that observed in natural coal; therefore, they account for the amorphous and chemically heterogeneous structure of the realistic coal. Generating realistic molecular models of coal is essential for coal simulations applied in coal related research (Mathews et al. 2011) .
The initial configuration consists of 12 randomly placed coal building blocks (coal molecules) in an empty space of a simulation box which is large enough to accommodate the coal molecules and has x, y, z-dimensions of 3.2 9 3.2 9 3.2 nm 3 . The simulation box with coal and CO 2 is shown in Fig. 2 . After the system reaches equilibrium, the volume is around 2.9 9 2.9 9 2.9 nm 3 depending on the pressure applied. Obviously, in our system, the void volume (pores within the coal matrix) is at a nanoscale. We connect our system (coal matrix) with an imaginary gas reservoir to allow gas to exchange between the system and the reservoir. The number of gas molecules in the coal matrix varies depending on the pressure or chemical potential applied. 2.2 Molecular model for coal, CO 2 , CH 4 , and C 2 H 6
Coal, CO 2 , CH 4 , and C 2 H 6 are modeled using the GRO-MOS force field (Oostenbrink et al. 2004) . In this force field, the carbon and the hydrogens that are bonded to it are treated as a single atom, reducing computational effort up to a factor of 9 at the expense of neglecting the slight directional and volume effects of the presence of these hydrogens. Detailed parameter sets can be found in Oostenbrink et al. 2004 . In contrast to other biomolecular force fields, this parameterization of the GROMOS force field is based primarily on reproducing the free enthalpies for a range of compounds. The relative free enthalpy is a key property in many biomolecular processes of interest and is why this force field was selected. The non-bonded interactions between atoms which are separated by more than three bonds, or belong to different molecules, are described by pair wise-additive Lennard-Jones (LJ) 12-6 potentials. Cross-interactions between unlike atoms are calculated by the Jorgensen combining rules. The LJ parameters and energy terms and the parameters are taken from Oostenbrink et al. 2004 . We use a truncated and shifted potential with a cutoff radius of 14 Å in accordance with the Gromacs force field (Oostenbrink et al. 2004 ).
Simulation details
Our simulation procedure consists of MD simulation with a constant number of particles, constant pressure, and constant temperature ensemble (NPT) coupled with MC simulations Siepmann and Frenkel 1992) in the grand canonical ensemble (GCMC) in which the chemical potentials of the adsorbate, the volume, and the temperature of the system are fixed. The chemical potential (or equivalently the fugacity) is imposed. Instead of setting the chemical potential, it is more intuitive to set the reservoir pressure which is related to the chemical potential
, where l is the chemical potential, and p 0 and l 0 are the standard pressure and chemical potential, respectively. P is the reservoir pressure and u is the fugacity coefficient. The temperature T and the chemical potential of the adsorbate phase l, which is assumed to be in equilibrium with a gas reservoir, are fixed. MD simulation in the NPT ensemble are carried out using Gromacs software (Berendsen et al. 1995; Lindahl et al. 2001 ; Van der Spoel et al. 2005) , while the GCMC algorithm allows the calculation of the isotherm sorption. Periodic boundary conditions are applied in three directions.
In MC, the energy difference between the new configuration and the old configuration is computed (DE = E new -E old ). If DE B 0, the new configuration is accepted.
If DE [ 0, the new configuration is accepted with a Boltzmann-weighted probability of exp(-DE/kT), where T is temperature and k is the Boltzmann constant. A more detailed description of the GCMC method can be found in Dubbeldam et al. (2004a, b) . To update the configuration, several MC moves are involved. They are translation, swap, and orientation-biased insertions. A translation move is to give a particle a random translation, and the move is accepted or rejected based on the energy difference. A swap move is to insert or delete a particle randomly with a probability of 50 % to allow a chemical equilibrium between the system studied and an imaginary gas reservoir. The orientation-biased insertions are commonly used in MC to insert particles to energetically favorable conformations to increase the acceptance ratio of the moves, especially when density is high for the system under high pressure. Equilibrium is attained when the number of successful insertion and deletion attempts balances each other. The MC simulations are performed using the open source package RASPA 1.0 developed by Dubbeldam et al. (2008) . In our simulations, the temperature was fixed using the Berendsen thermostat (Berendsen et al. 1984) . As with the temperature coupling, the system can also be coupled to a pressure bath. We use the Berendsen pressure coupling scheme to reach the target pressure, and then switch to Parrinello-Rahman coupling (Parrinello and Rahman 1981) for production runs once the system is in equilibrium as Parrinello-Rahman pressure coupling works in a more efficient and sensible way (Berendsen et al. 1995; Lindahl et al. 2001 ; Van der Spoel et al. 2005 ). The equations of motion were integrated with a time step of 0.001 ps. A typical MD production run was *50 ns. We run MPI parallel programming in the Raijin supercomputer in the National Computational Infrastructure (NCI) Australia and the SGI GPU-based system, Fornax, in iVEC.
3 Simulation results
Absolute sorption and bulk density
The absolute sorption refers to the actual amount of adsorbate present in the simulation box. Absolute sorption isotherms of CH 4 , C 2 H 6 , and CO 2 on dry coal at 308 and 370 K are simulated. Our simulation results for CO 2 , CH 4 , and C 2 H 6 plotted in different units of cm 3 (STP)/g ( Fig. 3a) , kg/t (Fig. 3b) , and mol/kg (Fig. 3c) , show that the absolute sorption of CO 2 on dry coal is higher than that of CH 4 and C 2 H 6 . At 308 K, the initial slope of the absolute sorption of C 2 H 6 is higher than that of CH 4 ( Fig. 3a and c) due to the stronger affinity between C 2 H 6 and coal and the amount of C 2 H 6 adsorbed in coal is higher than that of CH 4 in the low-pressure region. Jiang et al. (1994) showed experimentally that C 2 H 6 sorption isotherm rises sharply and reaches a maximum at a lower pressure than CH 4 . At high pressure, C 2 H 6 sorption is lower compared with CH 4 . This observation may be explained by comparing the fugacity of C 2 H 6 and CH 4 , shown in Fig. 4 . The calculated bulk C 2 H 6 fugacity is lower than that of CH 4 when pressure is higher than 2 MPa.
For high pressure, especially near or above the critical points of the adsorbate, real gas effects must be considered. The Peng-Robinson equation of state (Peng and Robinson 1976) has the general form:
where a and b are constants; P, T, and V are pressure, temperature, and volume, respectively; and R is gas constant. The constants a and b are defined by the following equations:
where T c and P c are critical temperature and pressure, respectively. Equation (1) defines the compressibility factor (Z):
The compressibility factor measures the deviation from ideal behavior. Z is related to the fugacity (f): 
According to Eqs. (2) and (3), we obtain the constant a and b for CH 4 From Eq. (4), positive deviations (Z [ 1) are due to the molecules having finite size and is quantified by the constant b; while negative deviations (Z \ 1) are due to the molecules having intermolecular forces and are quantified by the constant a. Figure 4 shows negative deviations (below diagonal dash line for ideal gas) for both CH 4 and C 2 H 6 , indicating that the second term on the right-hand side of Eq. (4) dominates. CH 4 and C 2 H 6 deviate from ideal behavior in different ways. Below 2 MPa, they behave similarly. However, above 2 MPa, the deviation of C 2 H 6 from ideal behavior is more significant compared with CH 4 . This is due to the fact that a C 2 H 6 is 2.4 times of the value of a CH 4 . Therefore, we might infer that for hydrocarbon sorption in coal, the constant ''a'' is identified as an important factor affecting the performance of gas sorption in coal.
In Fig. 5 , we show the absolute sorption results for the temperature of 370 K. We observe the same trend for both 308 and 370 K. The absolute sorption (expressed on a mass basis, Figs. 3b and 5b) increases in the order of CH 4 , C 2 H 6 , and CO 2 . In Figs. 3c and 5c , the absolute molar sorption isotherms of CH 4 and C 2 H 6 show characteristic features: they intersect and this takes place at higher pressure when the temperature is higher. The pressure where the sorption curves of CH 4 and C 2 H 6 cross shifts from around 1.3 to 3.0 MPa, when temperature is increased from 308 to 370 K. In Fig. 6 , we illustrate the temperature effect on the absolute molar sorption for CH 4 , C 2 H 6 , and CO 2 . It is obvious that the sorption amount decreases with increasing temperature. Other groups also reported that the sorption of gas on coals at a given pressure increases with decreasing temperature (Menon 1968; White et al. 2005; Zhou et al. 2001) .
In Fig. 7 , we present the bulk density of CH 4 , C 2 H 6 , and CO 2 obtained using the Peng-Robinson equation of state (Peng and Robinson 1976) . The bulk density increases with pressure but decreases with temperature. The decreases in the bulk density with increasing temperature are simply reflected by the decrease in the sorption capacity when the temperature is raised, shown in Fig. 6 . In the case of 308 K, which is close to the critical temperature of C 2 H 6 (305.4 K) and CO 2 (304.13 K), there is a sharp increase in the bulk density for both C 2 H 6 and CO 2 around their critical pressures. As shown in Fig. 7b , the critical density of Pressure, MPa Fig. 5 Absolute sorption isotherms of CH 4 , C 2 H 6 , and CO 2 on coal at a temperature of 370 K in the unit of a cm 3 STP/g coal; b kg/t coal; c mol/kg coal C 2 H 6 is 206.18 kg/m 3 ; a clear inflection point appears at the corresponding density at around 5.2 MPa. After the inflection point, one expects the derivative of the bulk density with respect to pressure to decrease. Similarly, in Fig. 7c , we observe an inflection point for CO 2 at its critical density of 467.6 kg/m 3 at *8.1 MPa. Bae and Bhatia (2006) have reported an inflection point in the CO 2 bulk phase density at a pressure of 8.93 MPa at 313 K. The pressure corresponding to the inflection point increases with temperature. In Fig. 8 , we compare the bulk density at 308 K (Fig. 8a ) and 370 K (Fig. 8b) for CH 4 , C 2 H 6 , and CO 2 . The bulk density of CH 4 increases linearly with pressure, while the bulk density of C 2 H 6 and CO 2 behave non-linearly, especially at 308 K. The linearity of the bulk density with pressure exists up to the pressure of around 4 and 5 MPa for C 2 H 6 and CO 2 , respectively. Then they go through a significant increase around their inflection point. At the pressure range of 4.9-7.4 MPa, C 2 H 6 has the greatest bulk density followed by CO 2 and CH 4 .
Interestingly, we found that the absolute sorption expressed on a volume basis (the absolute sorption in terms of kilogram (kg) per ton (t) of coal, shown in Figs. 3b and 5b, divided by bulk density, presented in Fig. 8a, b) for CH 4 , C 2 H 6 , and CO 2 merges with increasing pressure at 308 K (Fig. 9a ) and 370 K (Fig. 9b) . The Gurvitsch rule (Anderson 1914) predicts that the pore volume occupied by condensable gases and liquids is constant. From our results, it can be inferred that the maximum sorption capacity expressed on volume basis can be described in terms of Gurvitsch's law. In Fig. 10 , we show the temperature effect on the absolute sorption on volume basis for CH 4 , C 2 H 6 , and CO 2 . As shown in Fig. 10 , if pressure is higher than 4 MPa, the temperature dependence of the absolute sorption expressed on a volume basis for CH 4 , C 2 H 6 , and CO 2 is negligible, indicating that for each adsorbate, the maximum sorption capacity, expressed on a volume basis, is independent of temperature.
Excess sorption
Experiments produce excess sorption. The excess sorption is the difference between the absolute sorption and the amount of gas in the reference system. The reference system has the same volume as the sorption system, but the interaction with the solid surface is neglected. The excess molar sorption is given by Fig. 6 Temperature effect on the absolute sorption isotherms of a CH 4 ; b C 2 H 6 ; c CO 2
Pet. Sci. (2015) 12:692-704 697 where the excess sorption, n e , is the amount in adsorbed phase in excess of the amount that would be present in the pore volume at the equilibrium density of the bulk gas. n a is the absolute amount adsorbed; V p is the pore volume; and q b is the equilibrium density of the bulk gas. The pore volume is the volume fraction free to be occupied by gases in sorption processes. In experiments, it is measured using helium, because helium is hardly adsorbed. The point is that helium is a reference gas for measuring excess sorption of all other gases. Whether or not helium actually ''adsorbs'' is irrelevant. The requirement is that the procedure for measuring pore volume be identical for theoretical prediction and experimental determination. In molecular simulations, void volume is measured by probing the structure with helium at a room temperature of 25°C. It was obtained from a separate simulation using the Widom particle insertion method. We probed the coal structure with an LJ helium atom at millions of random points, Fig. 8 Comparison of the bulk density for CH 4 , C 2 H 6 , and CO 2 at a 308 K; b 370 K computed the energy difference with and without the particle, and estimated the average Boltzmann weight which directly corresponds to the void fraction (Talu and Myers 2001) . In our simulation, all micropores are accessible because of the inherent feature of the MC method. We obtained an average helium pore fraction of 17 % for the dry intermediate rank bituminous coal. Because of the inherent feature of the MC method, the porosity might be overestimated. Based on our porosity result of 17 % and the absolute sorption, we calculate the excess sorption which is the relevant physical observable in experiments.
In Fig. 11 , we show the absolute and excess sorption of CH 4 , C 2 H 6 , and CO 2 at 308 K. The excess and the absolute quantity are indistinguishable at low pressures in the range up to 0.5 MPa. At higher pressure, the absolute sorption and excess sorption are different. The excess quantity reaches a maximum and then declines. This is due to the fact that excess sorption is relative to what would have been in the pore volume. At high pressures, the bulk phase can still be compressed, but eventually, the pores are filled up and the adsorbed phase density levels off. Once the bulk phase density is higher than the adsorbed phased density, the excess sorption turns negative. The significant increase in the bulk density of C 2 H 6 and CO 2 close to their inflection point, shown in Fig. 7 , results in a dramatic decrease in the excess sorption of C 2 H 6 and CO 2 . Inflection points also appear in the excess amount of C 2 H 6 and CO 2 at the same pressure as the corresponding inflection point in the bulk density curve, shown in Fig. 7b, c . Li et al. (2010) reported that at 35°C, the maximum excess sorption capacity of the medium-volatile bituminous coal (dry, ashfree) for CH 4 and CO 2 is around 0.8 and 1.3 mol/kg, respectively. Our molecular simulation results indicate a maximum excess sorption capacity of around 0.82 and 1.57 mol/kg for CH 4 and CO 2 on the bituminous coal (dry, ash-free), respectively. The results of the maximum excess sorption for CH 4 and CO 2 reported by Li et al. (2010) are around 2.4 % and 17.2 % lower than our simulation results. This could be attributed to the fact that the porosity might be overestimated due to the inherent feature of the MC method. A good agreement between the experiment and the molecular simulation indicates that the sorption mainly takes place in the coal matrix.
In Fig. 12 , we show the temperature effect on the excess sorption of CH 4 , C 2 H 6 , and CO 2 . Similar to those obtained by Li et al. (2010) , we also observed that after passing through the maximum, the lower temperature excess sorption isotherms decline more rapidly than the higher temperature isotherms, which results in an intersection of the isotherms at *4.5 MPa for C 2 H 6 and *7.8 MPa for CO 2 . The intersection corresponds to a reversal point of the temperature dependence of the excess sorption isotherms. At the pressure range above the reversal point, in contrast to the low-pressure range, the excess sorption increases with temperature. This effect is clearly related to the bulk density change of the C 2 H 6 and CO 2 , shown in Fig. 8 . It is evident that for high pressures, the bulk density is much higher at lower temperature, and the excess amount reduces more quickly. When the bulk phase density approaches the adsorbed phase density, the excess sorption would become zero. Figure 13 compares the ratio of absolute and excess adsorbed amounts of CO 2 -CH 4 on coal at 308 K. The ratio for both the absolute and excess amount decreases with increasing pressure. Above 8 MPa, the ratio of the excess amounts adsorbed at 308 K is less than one, suggesting that pressures lower than 8 MPa may provide efficient CO 2 sequestration and methane replacement in coal bed. Bae and Bhatia (Bae and Bhatia 2006) suggested an optimum Fig. 11 Absolute and excess sorption of CH 4 , C 2 H 6 , and CO 2 on coal at 308 K. a CH 4 ; b C 2 H 6 ; c CO 2 pressure of 10 MPa at a higher temperature of 313 K. Similarly, we present the ratio of the absolute and excess adsorbed amounts of CO 2 -C 2 H 6 on coal at 308 K in Fig. 14. The ratio of the absolute adsorbed amounts increases when pressure is less than l MPa and then levels off around an average value of 2, but the ratio of the excess adsorbed amounts increases sharply when pressure is over 4 MPa, where the excess adsorbed amount of C 2 H 6 drops significantly, suggesting an optimum pressure of above 4 MPa for C 2 H 6 replacement. 
Interaction energy and radial distribution functions (RDFs)
We further investigate the sorption mechanism by analyzing the interaction energy between the coal and adsorbate. We compare the interaction energy of adsorbate-adsorbate and adsorbate-coal. The results are given in Fig. 15 . For the purpose of clarity, only the results at 308 K are shown. The interaction energy between the coal and CO 2 is much higher than between the coal and hydrocarbons. The interaction energy between the coal and the CO 2 becomes systematically more negative with increasing pressure. The increasingly negative energies signify greater interactions between the coal and CO 2 molecules with an increasing pressure. Based on the observation that the coal-CO 2 interaction is *2.2-4.5 times of the interaction energy of coal-CH 4 and *1.3-2.2 times of coal-C 2 H 6 . We infer that the higher sorption of CO 2 is mainly caused by stronger intermolecular interactions between coal and CO 2 . RDFs are defined as the ratio of the number of atoms at a distance r from a given atom compared with the number of atoms at the same distance in an ideal gas with the same density. The peak and the shape of the RDFs can reflect the density and structure of the system. To further investigate the effect of packing of the adsorbate on the sorption, we compare the RDFs of CH 4 -CH 4 , C 2 H 6 -C 2 H 6 , and CO 2 -CO 2 at 308 K and 10 MPa in Fig. 16 . As it is shown, the distance of closest contact in the O-O, O-C, and C-C RDFs of CO 2 is *2.5 Å , but for hydrocarbons, the closest contact appears at 3.2 Å . It indicates that the distance between CO 2 molecules is shorter and CO 2 molecules are more closely packed compared with CH 4 and C 2 H 6 . We found the first contact peak between CH 4 and CH 4 is more significant than between C 2 H 6 and C 2 H 6 , but at a separation distance of *4.4-6.9 Å , the curve of the C 2 H 6 -C 2 H 6 RDF is above that of CH 4 -CH 4 , indicating that the separation between C 2 H 6 molecules is larger than the distance between the CH 4 molecules and C 2 H 6 is loosely packed compared with CH 4 .
Conclusion
We have performed the combined MD and MC simulations on CH 4 , C 2 H 6 , and CO 2 sorption on dry intermediate rank coal in a pressure range up to 10 MPa and at temperatures of 308 and 370 K (35 and 97°C). Our results indicate that absolute sorption (expressed as a mass basis) divided by bulk density is independent of temperature for both hydrocarbons (CH 4 and C 2 H 6 ) and CO 2 when pressure is over 4 MPa. We infer that temperature has negligible effect on the maximum absolute sorption on a volume basis. We also observe that the intermediate rank coal has close maximum sorption capacity expressed on a volume basis for CH 4 , C 2 H 6 , and CO 2 . Based on the observation, we could infer that the pore volume occupied by CH 4 , C 2 H 6 , and CO 2 is similar and the sorption capacity expressed on volume basis can be described in terms of Gurvitsch's law. The comparisons of our adsorption isotherm obtained from molecular simulation with published experimental data are satisfactory. It indicates that the CH 4 , C 2 H 6 , and CO 2 are mainly stored in a coal matrix by sorption. Our results reveal that the ''a'' constant (proportional to T c 2 /P c ) in the Peng-Robinson equation of state is an important factor affecting the sorption behavior of hydrocarbons. This study provides a quantitative understanding of the effect of temperature on CH 4 , C 2 H 6 , and CO 2 sorption capacity from a microscopic perspective. It also offers insights into aspects of the excess sorption and its relationship with bulk phase C 2 H 6 -C 2 H 6 CO 2 -CO 2 coal -C 2 H 6 coal -CO 2 Fig. 15 Interaction energy of coal-CO 2 , coal-C 2 H 6 , coal-CH 4 , CO 2 -CO 2 , C 2 H 6 -C 2 H 6 , and CH 4 -CH 4 at 308 K C C2H6 -C C2H6 Fig. 16 Radial distribution functions (RDFs) of CH 4 , C 2 H 6 , and CO 2 at 308 K and 10 MPa density. Molecular simulation proves to be a cost-effective and efficient method for directly studying the interactions between coal and gases under various external environments and for predicting gas sorption behavior in complicated and complex systems.
